STUDY OBJECTIVE Telavancin and vancomycin are both approved for treatment of hospital-acquired and ventilator-associated bacterial pneumonias caused by Staphylococcus aureus, and both agents can cause renal dysfunction. The objective of this study was to assess renal function changes by performing renal shift table analyses of telavancin-and vancomycin-treated patients in phase III trials. DESIGN Retrospective, descriptive analysis of data from the safety population from the Assessment of Telavancin for Treatment of Hospital-Acquired Pneumonia (ATTAIN) trials. PATIENTS A total of 1503 adults with hospital-acquired or ventilator-associated bacterial pneumonia primarily caused by gram-positive pathogens and who received telavancin (n = 751) or vancomycin (n = 752). MEASUREMENTS AND MAIN RESULTS Decline or improvement in creatinine clearance (CrCl) across seven defined categories (≤30, >30-40, >40-50, >50-60, >60-70, >70-80, and >80 ml/min) was classified as negative or positive shifts, respectively. The number of categories crossed (either positive or negative) determined the grade of shift (of a potential grades 1-6, with crossing from one category to the next adjacent category defined as a grade 1 shift) at specific time points compared with baseline: day 4, day 7, and end of therapy (EOT). Approximately 77%-91.6% of patients had either no change or improvement of CrCl across all time points for both treatments. Negative shifts were consistent for telavancin (day 4, 19.3%; day 7, 19.0%; EOT, 23.0%) but increased over time for
Hospital-acquired and ventilator-associated bacterial pneumonia (HABP/VABP) are serious infections with substantial related morbidity and mortality, especially when caused by organisms such as methicillin-resistant Staphylococcus aureus (MRSA). [1] [2] [3] Vancomycin and linezolid are the Infectious Diseases Society of America-recommended antibacterial agents used for the treatment of HABP and VABP caused by MRSA 4 ; however, vancomycin has slow bactericidal activity and variable lung penetration. [5] [6] [7] Linezolid is associated with potentially significant adverse drug interactions. 8, 9 Daptomycin, an alternative antibiotic used to treat MRSA, is not an effective treatment for pneumonia, as it is inhibited by pulmonary surfactant, a major component of epithelial lining fluid (ELF). 10 The newer, long-acting lipoglycopeptides, oritavancin and dalbavancin, are currently untested for the treatment of serious infections.
Telavancin, a synthetic lipoglycopeptide antibacterial, is 32-fold more potent than vancomycin against MRSA strains when tested under in vitro conditions. 11 In addition, telavancin displays good penetration into ELF and alveolar macrophages (AM), with concentrations exceeding the current minimum inhibitory concentration for 90% of MRSA strains (0.06 lg/ml) 12 by several-fold (ELF, 15-fold; AM, 700-fold) at 24 hours. 13 In other studies, median telavancin ELF penetration was approximately 75% of the plasma concentration, 14 whereas vancomycin ELF levels were around 50%. 15 Data for vancomycin AM penetration in humans are limited. Telavancin is approved in the United States for the treatment of HABP and VABP caused by MRSA and other susceptible isolates of S. aureus when alternative treatments are not suitable. 16 Furthermore, in a post hoc analysis of phase III trials, comparable efficacy to vancomycin was observed in a limited number of patients with HABP/VABP and concurrent S. aureus bacteremia. 16, 17 Adverse event data from clinical trials have demonstrated that both telavancin and vancomycin are associated with a decline in renal function in some patients. 18, 19 Other factors may also contribute to the observed nephrotoxicity, including the disease process itself or the use of concomitant medications. 20 Often, changes in renal function require careful dosage adjustment of the antibacterial agent, particularly for those cleared or eliminated through the kidney. An understanding of the time course and magnitude of changes in renal function during antibacterial use may prevent unnecessary treatment termination or changes in treatment.
The time course of renal function changes was not characterized in pivotal telavancin and vancomycin clinical trials. 19, 21 Shift table analyses are used to describe various drug-related laboratory abnormalities, such as the hematologic effects of linezolid during clinical trials. 22 Renal shift tables are a tool used to observe renal function changes over time based on estimated creatinine clearance (CrCl) values. Thus, the objective of this study was to compare the timing and extent of changes in renal function during treatment with telavancin or vancomycin in the HABP/VABP safety population from the Assessment of Telavancin for Treatment of HospitalAcquired Pneumonia (ATTAIN) trials by performing a retrospective renal shift analysis.
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Methods
Study Design and Population
This was a retrospective, descriptive analysis of the safety population from the ATTAIN trials (ClinicalTrials.gov identifiers NCT00107952 and NCT00124020). The study methods and principal results have been published previously. 19 Briefly, the ATTAIN trials were two identical double-blind, randomized, global studies involving adult patients with HABP or VABP primarily caused by gram-positive pathogens. The trials were conducted in accordance with the principles of the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use Guideline for Good Clinical Practice and the principles of the Declaration of Helsinki, or with country-specific laws and regulations if these afforded greater protection to the patient. All patients or their authorized representatives gave written informed consent.
The safety population comprised 1503 patients who received at least one dose of telavancin (n = 751) or vancomycin (n = 752). Telavancin was administered as a 60-minute infusion of 10 mg/kg (based on actual body weight) every 24 hours, with dosage adjustments made if CrCl was ≤50 ml/minute (7.5 mg/kg every 24 hrs if CrCl 30-50 ml/min; 10 mg/kg every 48 hrs if CrCl <30 ml/min; 10 mg/kg every 48 hrs if receiving hemodialysis). Vancomycin was administered as a 60-minute infusion at a dosage of 1 g every 12 hours or according to the study site-specific protocol for vancomycin dosing based on body weight and/or renal function or trough level monitoring. Infusion time may have been longer based on the standard of care of the study site. Of the vancomycin-treated patients, 242 (32%) began treatment at a total of <1.8 g per 24 hours, 479 (64%) at 1.8-2.2 g per 24 hours, and 31 (4%) at >2.2 g per 24 hours. Patients were to receive study medication for a minimum of 7 days and a maximum of 21 days. Most patients (1247/1503 [83%]) received between 3 and 14 days of study medication, and median duration of therapy for both treatments was 9 days.
Depending on the duration of treatment, renal function was to be assessed by measuring serum creatinine concentration before receiving study treatment (baseline); on days 4, 7, 10, 14, 17, and 21; at end of therapy; and at follow-up. The end of therapy visit was performed within 3 days after receiving the last dose of study medication.
Serum creatinine values were not available for all study visits since patients may have withdrawn or discontinued study treatment, or laboratory data were otherwise not available for a particular day. Creatinine clearance was estimated using the Cockcroft-Gault equation. 23 If actual body weight was less than ideal body weight, then actual body weight was used in the equation; otherwise, ideal body weight was used.
Development of Renal Function Shift Tables
Estimates of renal function as determined by CrCl at baseline, on days 4 and 7, and at end of therapy, and the lowest CrCl observed after baseline were used in this analysis to assess the timing and degree of change in renal function. Due to the small numbers of patients in the ATTAIN studies at days 10 and 14, it was decided to focus on the baseline, day 4, day 7, and end of therapy in the present analysis. Creatinine clearance levels for each time point were partitioned into seven categories (≤30, >30-40, >40-50, >50-60, >60-70, >70-80, and >80 ml/min). These categories were selected to capture renal function changes based on baseline CrCl and patients who may have required a telavancin dosage change if the CrCl dropped below 50 ml/minute.
Tables were created to assess changes in renal function between baseline and the defined time points for telavancin-or vancomycin-treated patients. Changes in renal function were classified by the direction of the shift and the number of categories shifted. If no change in renal function was observed between baseline and the specified time point, it was defined as "no shift"; if CrCl improved (e.g., >30-40 ml/min at baseline to >40-50 ml/min), it was defined as a "positive shift"; and if CrCl declined (e.g., >50-60 ml/min at baseline to >40-50 ml/min), it was defined as a "negative shift." Negative or positive shifts in CrCl were grouped into six categories termed grades 1-6. Decline or improvement in renal function from one CrCl category to the next adjacent category was defined as a grade 1 shift. Using these categories, there was the potential for the maximum of a grade 6 shift. For example, a shift of >30-40 ml/minute at baseline to >60-70 ml/ minute was defined as a grade 3 positive shift.
Statistical Analysis
The number and percentage of telavancin-or vancomycin-treated patients in each category were compared. Patients with missing CrCl 992 PHARMACOTHERAPY Volume 38, Number 10, 2018 values at baseline or at a specified time point were not included in the analysis for the specific time point. Two-sided 95% confidence intervals on the difference (percent telavancin minus percent vancomycin) were derived for each category using the Newcombe-Wilson method. 24 This was a retrospective analysis, and all summaries are considered descriptive and exploratory.
Results
Complete baseline characteristics of the alltreated population have been reported previously. 19 In summary, >50% of patients were ≥65 years old, male, white, and in intensive care units at baseline. 19 Patients in the telavancin and vancomycin groups weighed an average of 74.5 kg and 71.1 kg, respectively, at baseline. 19 Comorbidities included diabetes mellitus (telavancin 27%, vancomycin 25%), congestive heart failure (telavancin 17%, vancomycin 19%), chronic obstructive pulmonary disease (telavancin 23%, vancomycin 24%), and acute renal failure (telavancin 10%, vancomycin 8%) and/or chronic renal failure (telavancin 6%, vancomycin 7%). 19 Although the number of patients with CrCl measurements changed at each time point in this post hoc analysis, the demographics of the telavancin and vancomycin populations remained relatively consistent (data not shown).
The majority of patients in the ATTAIN trials had either no change or improvement of renal function at days 4 and 7, and end of therapy, when treated with either telavancin or vancomycin. The numbers and percentages of patients experiencing CrCl shifts at each time point are reported in Tables 1, 2 , and 3. Irrespective of baseline renal function, the percentage of patients who had no change or improved renal function while receiving telavancin was 80.7% (478/592) at day 4, 81.0% (340/420) at day 7, and 77.0% (527/684) at end of therapy. For patients receiving vancomycin, the percentage of patients that had no change or improved renal function was 91.6% (559/610) at day 4, 87.7% (377/430) at day 7, and 80.7% (563/698) at end of therapy. For all time points, significantly more vancomycin-treated patients experienced a positive shift in renal function, and the negative shifts were significantly higher in the telavancin-treated patients on days 4 and 7 (Table 3) . At the end of therapy, the difference between the percentages of telavancin-and vancomycin-treated patients who experienced a negative shift diminished (Table 3) . When comparing the lowest CrCl level measured after baseline, telavancin-treated patients experienced significantly more negative shifts than vancomycin-treated patients ( Table 3 ). The proportion of patients who had a CrCl >50 ml/minute at baseline that then fell to CrCl ≤50 ml/minute at any time point during the study was similar between treatment groups, except for day 4, when the percentage was significantly higher in telavancin-treated patients (8.5%) relative to vancomycin-treated patients (2.9%) ( Table 4) .
Most negative changes in renal function for both treatments were low grade (shift of one or two categories) ( Figure 1A and Table S1 ). In the telavancin treatment group, 15.7% of patients experienced a grade 1 or 2 negative shift on day 4, 15.5% on day 7, and 14.5% at end of therapy, whereas in the vancomycin treatment group, 7.2% of patients experienced a grade 1 or 2 negative shift on day 4, 7.9% on day 7, and 12.5% at end of therapy. Larger shifts in renal function decline (grades 4-6) were observed more often at day 4 with telavancin (1.9%) compared with vancomycin (0.7%) ( Figures 1A and B) . However, at day 7 and end of therapy, smaller proportions of telavancin-treated patients than vancomycin-treated patients experienced these large shifts (1.9% vs 2.8% on day 7; 4.1% vs 4.7% at end of therapy) (Figures 1A and B ; Table S1 ). The percent difference in negative shifts between the telavancin and vancomycin groups was 3.6% at end of therapy.
Discussion
The methodology of capturing renal adverse events in clinical trials is limited by using terms from the Medical Dictionary for Regulatory Activities (MedDRA), which do not reliably characterize the extent, duration, or severity of kidney injury. The current study describes changes in renal function, which cannot be captured by traditional adverse event reporting of clinical trials. Renal shift tables revealed statistically significant differences in renal impairment during treatment of HABP and VABP with telavancin compared with vancomycin; however, at the end of therapy, the overall differences between the two treatments were minimal and not statistically significantly different. Of note, there was a slightly higher percentage of grade 4-6 negative shifts in the vancomycin-treated group at day 7 and end of therapy. In the ATTAIN trials, per-protocol changes in serum creatinine concentration were captured and characterized as potentially clinically significant when levels increased by >50% from baseline and were >1.5 mg/dl. 19 A greater percentage of patients in the telavancin treatment arm experienced a clinically significant increase in serum creatinine concentration, which is reflected in the higher percentage of negative shifts observed in this analysis. The mechanism underlying the early increases in serum creatinine concentration with telavancin treatment compared with vancomycin treatment is unknown. There are distinct pharmacokinetic differences in the volume of distribution (V d ) of telavancin and vancomycin. The telavancin V d is narrow (0.13-0.15 L/kg), 16 whereas the vancomycin V d is broad (0.4-1 L/kg). 25 Furthermore, reduced vancomycin clearance has been reported with longer durations of vancomycin therapy. 26 This reduction in clearance during prolonged use may contribute to the potential delayed effects of vancomycin on kidney function by allowing vancomycin accumulation. [26] [27] [28] [29] Vancomycin dosage adjustment is required to maintain optimal concentrations based on trough levels throughout therapy. Alternatively, telavancin demonstrates predictable and consistent pharmacokinetics; therefore, drug level monitoring is not required. 16 Overall, most patients in both treatment groups demonstrated no decline in renal function across all time points. Except for day 4, there was no significant difference between treatment groups in shifts of CrCl levels that would have resulted in a telavancin dose modification (CrCl ≤50 ml/min). A similar effect with regard to the time course has been shown in a rat model of nephrotoxicity, in which telavancin was administered at clinically relevant exposures. 30 The study demonstrated that elevations in KIM-1, a marker of early renal injury, were most pronounced within the first 5 days of therapy, with a peak at about day 3, and then gradually returned to baseline levels.
There are several limitations to this retrospective analysis. First, renal shift table analyses could produce false-positive findings. For example, a 1-ml/minute decrease in CrCl can be reported as a grade 1 shift if the change resulted in a value that moved from one category to the next lowest category. These small alterations have the potential to lead to differential misclassification, particularly at the higher end of CrCl categories. In addition, our analysis does not take into account the clinical significance of the actual change in renal function. For example, a grade 1 change from 60 to 49 ml/minute may be more clinically significant than a grade 1 change from >80 to 75 ml/minute. Second, changes in renal function that occurred in those patients with CrCl values that remained >80 or <30 ml/minute throughout the study were not analyzed. Therefore, changes suggesting hyperfiltration or improvement in those with more advanced renal failure may have been missed. Furthermore, use of the Cockcroft-Gault formula to estimate CrCl is a potential limitation, as this method is known to be influenced by patient age, weight, and body mass index 23 ; however, it is consistent with the telavancin and vancomycin labeled dosing. 16, 31 Third, the increased rates of incomplete renal function data at certain time points (e.g., day 4) present an added issue; however, these data were included because they were important in evaluating and understanding the time course of renal function changes. Another limitation stems from the possibility of information censoring, in which case there is a lack of renal data reported for excluded patients at subsequent time points following departure from the study. Due to the low number of patients who were treated with study drug for greater than 7 days, we were unable to determine the trend of grade 4-6 negative renal shifts for telavancin and vancomycin for longer courses of treatment. In addition, the ATTAIN trials were not designed to prospectively capture reversibility of renal function changes; however, the data from follow-up visits showed that the majority of telavancin-treated patients with significant increases in serum creatinine concentration demonstrated improvement or resolution of renal failure. 19 Another issue, as discussed in a recent metaanalysis, 32 is that the vancomycin dose was lower in the trials conducted from 2005 to 2007 than the dose currently used in practice. Current recommendations for treating MRSA pneumonia advise dosing vancomycin to maintain trough concentrations of 15-20 lg/ml 33 ; however, mean vancomycin trough concentrations were ≥10 lg/ml in only 66% of patients in the ATTAIN trials. 19 Therefore, it is possible that rates of decline in renal function ascribed to vancomycin were understated when considering current approaches to dosing. In fact, recent studies indicate that vancomycin use is associated with a high risk of nephrotoxicity. High vancomycin trough levels (≥15 lg/ml) likely result in an increased risk of nephrotoxicity without improved clinical response. 34, 35 On the other hand, recent data from the Telavancin Observational Use Registry (TOUR) suggest that in patients with lower respiratory tract infection, including HABP and VABP, telavancin is often administered at doses lower than prescribed in the label (median 9.1 [range 2.9-14.2] mg/kg in TOUR vs 10 mg/kg in ATTAIN). 36 It is likely that real-world dosing of telavancin and vancomycin would alter the rates of renal dysfunction described in this analysis.
It should also be noted that nearly 37% of patients in the ATTAIN trials had either a mixed infection with both gram-positive and gramnegative pathogens or only infection with a gram-negative pathogen. 37 Therefore, patients with suspected polymicrobial infections could have received aztreonam or piperacillin-tazobactam. The common empirical combination therapy of vancomycin and piperacillin-tazobactam has been shown to increase the incidence of acute kidney injury. [38] [39] [40] Concurrent use of piperacillin-tazobactam in the ATTAIN trials has been described previously. 37 Briefly, for telavancin, piperacillin-tazobactam was started early (within first 3 days) in the course of treatment for 13% of patients (93/751), and on day 4 or later in 10% of patients (73/751). For vancomycin, the percentages were similar, with early piperacillin-tazobactam initiation for 12% of patients (88/752) and 7% of patients (54/752) at day 4 or later. Whereas the concurrent use of piperacillin-tazobactam was similar for both telavancin and vancomycin in the ATTAIN trials, the actual rates of nephrotoxicity for each combination has not been analyzed to date. In a single-dose, pharmacokinetic study of telavancin combined with aztreonam or piperacillin-tazobactam in healthy volunteers, no renal adverse events were reported. 41 Further study is needed to understand whether renal toxicity is affected by the combination of telavancin with piperacillin-tazobactam.
It is recommended that future antibacterial trials are designed to prospectively capture data required to assess the time course of renal function changes. This would provide clinicians with an improved understanding of how the changes progress with different treatments and offer guidance for appropriate dosage adjustments.
Conclusion
A retrospective renal shift analysis on the HABP/VABP safety population from the ATTAIN trials compared the timing and extent of renal function changes during treatment with either telavancin or vancomycin. Although significantly more telavancin-treated patients had overall negative shifts in renal function at days 4 and 7 of treatment, those differences were diminished by the end of therapy. This granular analysis revealed that the majority of negative shifts that occurred with telavancin or vancomycin therapy were of grade 1 or 2. Although not statistically significant, at day 7 and end of therapy,
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vancomycin-treated patients experienced greater negative shifts (grades 4-6) in renal function. This analysis may provide clinicians with a better understanding of the expected time course and extent of changes of renal function with these two antibacterial agents.
